UNCLASSIFIED 


DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


UNCLASSIFIED 


NOTICE:  When  government  or  other  drawings,  sped* 
fications  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Government  thereby  incurs  no  responsibility,  nor  any 
obligation  whatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  furnished,  or  In  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  Is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  In  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  mar  in  any  way  be  related 
thereto. 


o 

o 

CD 

u5 

c  0 

OFFICE  OF  NAVAL  RESEARCH 

Contract  Nonr  1854(13) 

Task  No.  NR  051-215 

CD 

O 

?  1 

u 

CD 

00 

TECHNICAL  REPORT  NO.  ?0 

Nuclear  Magnetic  Resonance 

o 

3 

v  .. 

£: 

CJ)  “-1- 

by 

H.  3.  Gut ow sky 

Prepared  for  Publication 


In  the 

Proceedings  of  the  Welch  Conferences 


University  of  Illinois 

Department  of  Chssdstry  and  Chealoal  togineerlng 
Uxtaaa,  Illinois 


March  19,  1964 


.  ,  ,.:,4  ■;! 

. jl, 

... _■  !j  U  ldLIL/ 


Reproduction  In  vhole  or  la  part  Is  penltted  for 
uqr  purpose  of  the  United  States  Oorsr— sut 

NO  OTS 


NUCLEAR  MAGNETIC  RESONANCE 


H.  S.  Gutowsky, 

University  of  Illinois,  Urbsna,  Illinois 

I,  Introduction 

In  thinking  of  what  I  might  sey  at  this  Conference  on  Modern  Developments 
in  Analytical  Chemistry,  it  struck  me  that  the  question  could  be  approached 
from  two  different  points  of  view.  In  the  one,  I  could  review  the  very  wide 
range  of  analytical  applications  of  magnetic  resonance  which  have  been  devel¬ 
oped  in  recent  years  and  which  are  now  in  general  use,  or  soon  will  be.  In 
■any  ways  this  is  the  simplest  approach;  at  least  it  Is  the  most  direct  and, 
being  factual,  it  is  the  least  controversial. 

On  the  other  hand,  I  could  Interpret  the  phrase,  "Modern  Developments," 
in  a  more  general  sense  and  consider  the  question  of  how  analytical  chemis¬ 
try  has  changed  and  nay  continue  to  change  in  the  future,  using  acquaint¬ 
ance  with  magnetic  resonance  research  and  applications  as  a  basis  for  my 
interpretations  and  crystal  ball  gazing.  This  approach  is  more  difficult  and 
certainly  not  without  danger,  as  it  requires  some  value  judgments,  some  phil¬ 
osophising  about  the  nature  of  science,  and  son*  extrapolations .  Actually,  In 
the  earlier  discussions  at  this  Conference,  both  approaches  have  been  used  to 
some  extent,  and  considerable  Interest  has  been  shewn  in  the  role  of  analyti¬ 
cal  chemistry  in  chemistry  today. 

In  aay  case,  I  believe  that  the  evolution  of  nagnetlo  resonance  research 
Illustrates  so  well  some  of  the  najor  factors  which  determine  the  present  and 
future  nature  of  analytloal  chemistry  that  I  should  emphasise  these  aspects 
rather  thaa  attempt  a  detailed  review  of  the  any  analytical  applications  of 
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magnetic  KMiuee.  Therefore,  I  will  start  out  with  a  general  summary  of 
these  factors,  all  of  which  have  been  alluded  to  earlier  to  sqm  exteat,  aad 
thaa  I  will  preseat  in  Mae  detail  a  particular  application  which  la  still 
evolving,  namely  the  use  of  nuclear  magnetic  resonance  methods  for  the  study 
of  fast  reactions  sad  the  possibilities  of  radio  frequency  pulse  methods  la 
such  experiments.  And  finally,  vith  this  application  as  an  example,  I  will 
conclude  vith  scam  eoneats  an  the  future  of  analytical  chemistry. 

II.  Tactors  Governing  Developments  la  Analytical  Chemistry 

There  are,  I  believe,  three  major  factors  which  have  led  to  the  modem 
developments  in  analytical  chemistry.  These  are:  (l)  The  growth  of  indus¬ 
trial  capacity  for  making  reliable  scientific  instruments  aad  also  the  exist¬ 
ence  of  a  market  for  them.  The  instruments  are  relatively  easy  to  operate  aad 
maintain,  yet  they  have  great  sensitivity  for  measuring  various  physical  prop¬ 
erties.  Moreover,  there  are  funds  available,  federal  or  otherwise,  for  the 
purchase  of  the  instruments.  (2)  The  invention  of  now  instruments  which  cam 
measure  quantitatively  an  lncreaslngly-canplex  and  vide  range  of  physical 
properties.  (3)  The  increasing  sophistication  of  the  "analytical  questions” 
which  are  being  asked.  These  three  factors  are,  of  course,  not  independent, 
but  I  believe  then  to  be  recognisable  components  in  the  major  evolution  which 
analytical  chanletxy  has  uaflsrgsas  during  the  past  twenty  yenre. 

The  importance  today  of  the  Instrument  nanufacture  is  suggested  by  com¬ 
parison  of  the  very  different  histories  for  the  use  ef  infra  red  epeetroseopy 
and  ef  aagnetlc  resonance  in  ohasdcal  analysis.  In  the  ease  of  inftn  red  m- 
diatiea,  ns  referred  to  on  Monday  by  Save  Stevenson,  observations  were  node  ms 
early  as  about  1900  of  the  fact  that  different  nsloeules  absorb  radiation  at 
different  frequencies  characteristic  of  ths  molecular  structure.  However, 


commercial  IR  spectrometers  were  not  sold  until  about  fifty  years  later)  I  be¬ 
lieve  the  first  ones  were  sold  la  1946. 

Also  in  1946,  Felix  Blech1  and  Ed  Purcell8  were  developing  Independently 
their  methods  for  observing  the  absorption  of  radio  frequency  energy  by  mag¬ 
netic  nuclei  in  a  bulk  sample  of  matter.  However,  in  the  case  of  HMR,  it  took 
only  a  little  over  five  years  for  a  commercial  spectrometer  to  be  delivered. 

It  was  in  1953,  I  believe,  that  the  first  V&rlaa  high  resolution  spectrometer 
was  delivered  to  the  Humble  Oil  laboratory,  here  in  Houston.  And  today  most 
chemical  laboratories  in  this  country  have  at  least  one  magnetic  resonance 
spectrometer,  usually  a  high  resolution  instrument,  for  chemical  analysis. 

The  other  two  general  factors  are  tied  rather  closely  together.  These 
are  the  importance  ef  new  instruments  to  measure  physical  properties  and  the 
increasing  sophistication  of  the  analytical  questions  being  asked.  Both  of 
these  factors  are  apparent  in  the  early  history  of  MR.  This  Is  a  well-known 
story  to  many  of  you,  but  I  think  it  bears  repetition. 

III.  Analytical  Applications  of  MR  and  Their  Development 

At  first,  the  basic  phenomena  of  nuclear  magnetism  were  of  interest  only 
to  the  physicist.  The  physicist  found  that  in  addition  to  the  more  familiar 
properties  of  mass  and  electric  charge,  many  nuclei  have  about  them  a  weak 
magnetic  field  which  can  be  described  in  terms  of  a  magnetic  dipole  mnaaut, 
which  we  call  g.  The  origin  af  the  nuclear  magnetic  field  Ilea  in  the  more  or 
less  complex  circulation  of  the  electric  charges  in  the  nucleus.  This  charge 
circulation  ia  the  electric  current  which  generates  the  magnetic  field. 

Also,  the  nucleus  has  an  angu~!  ar  nonantint,  p,  or  spin,  which  results  from 
the  circulation  of  the  mass  associated  with  each  element  of  electric  charge. 
Moreover,  because  of  this  aeeociatlon  of  mass  and  charge,  there  is  a  direct 
proportionality  between  the  magnetic  moment  n  and  the  angular  moment tm  p.  And 
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there  ii  i  proportionality  factor,  the  nuclear  g  value,  which  depends  upon  the 
details  of  the  nuclear  structure,  as  dees  the  nuclear  angular  nsmsatun  or  spin, 
I. 

Therefore,  in  the  1930's  and  ’hO’s,  the  aeasureasnt  of  nuclear  g  values 
and  spins  was  of  great  interest  in  connection  with  our  then  rapidly  evolving 
understanding  and  aanipulation  of  nuclei.  However,  the  first  methods  avail¬ 
able  for  such  measurements  were  limited.  The  atomic  beaa  method  was  relative¬ 
ly  classy  and  even  today  it  still  requires  exceptional  experimental  skill  and 
a  lot  of  hardware.  The  use  of  atoado  spectra  was  also  limited.  A  better 
method,  a  simpler  method  for  observing  and  measuring  nuclear  magnetism  was  de¬ 
sirable.  It  was,  as  you  know,  supplied  In  I9U6  by  Bloch  and  Purcell. 1,2 

The  theoretical  basis  of  their  method  can  be  described  In  the  following 
manner.  When  a  magnetic  field  generated  by  a  magnet  in  the  laboratory  la  ap¬ 
plied  to  a  magnetic  nucleus,  there  is  an  interaction  which  tends  to  orient  the 
■li/Omar  magnetic  moment  jg  parallel  to  HQ.  The  interaction  energy  is  given  by 
-tigHg,  where  ^  is  the  component  of  the  nuclear  magnetic  moment  along  HQ. 
However,  quantum  mechanical  lavs  permit  only  certain  orientations  of  u  with 
respect  to  HQ.  As  I  am  fond  of  saying  at  Illinois,  the  nuclei  are  smarter 
than  many  graduate  students,  they  understand  quantum  mechanics. 

In  particular,  Pg,  the  component  of  the  nuclear  angular  momentum  along 
Hq,  Is  restricted  to  discreet  values  of  m,  where  m ■  I,  1-1,  ...,  -  I,  in 
units  of  h/2*,  h  is  Planck’s  constant,  I  is  the  nuclear  spin,  and  a  is  the  nu¬ 
clear  magnetic  qunntun  somber.  It  has  bean  found  that  I  may  be  integral  or 
half  integral  for  a  nucleus,  depending  upon  lte  structure,  and  values  as  large 
as  9/2  are  mot  uncommon. 

The  quantisation  of  Pg  leads  to  a  corresponding  quantisation  of  i*g  and  to 
the  formation  of  n  discreet  set  of  nuclsar  magnetic  energy  levels, 

-UjS.-  -*H0  . 
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la  Bq.  (1),  0  is  the  nuclear  magneton,  a  combination  of  fuadaaental  constants. 
Thus,  the  spacing  of  the  levels  is  determined  by  the  auelear  g  value,  and  by 
H  ,  the  value  of  the  external  magnetic  field  at  the  nucleus.  Transitions  can 
be  induced  among  these  energy  levels  subject  to  the  selection  rule,  Am  «*  +i, 
which  limits  transitions  to  adjacent  levels.  The  electromagnetic  radiation 
which  produces  these  transitions  must  meet  the  Bohr  frequency  condition, 

AS  >  &Q,  which  when  combined  with  Bq.  (1)  gives  the  Laznor  equation, 

VQ  -  AB/h  -  #HQ/h  .  (2) 

Also,  the  radiation  must  be  circularly  polarized  in  the  plane  containing  Hq. 

What  Bloch  and  Purcell  did  was  to  invent  spectrometers  vhlch  would  detect 
the  absorption  of  such  radiation  by  nuclei  in  ordinary  bulk  samples,  solids, 
liquids  or  gases  with  a  mass  of  the  order  of  a  gram.  The  Lamor  equation 
shows  that  if  the  frequency  of  the  absorbed  radiation  is  measured  and  also  the 
magnetic  field,  both  of  vhlch  can  be  done  with  considerable  accuracy  in  inde¬ 
pendent  experiments,  then  you  can  obtain  from  these  numbers  the  nuclear  g  val¬ 
ue.  Also,  with  a  bit  more  work,  you  can  obtain  in  similar  experiments  the 
nuclear  spin  and  the  sign  of  the  nuclear  magnetic  moment,  that  is,  the  orien¬ 
tation  of  the  magnetic  moment  with  respect  to  the  angular  momentum  vector. 

The  basic  experiment  is  spectroscopic  in  its  general  nature.1'9  It  cen- 
slsts  of  a  source  of  radiation,  a  call  containing  the  sample,  a  detector  to 
measure  hew  much  radiatiem  la  absorbed  by  the  sample  or  transmitted  through 
it,  and  some  device  for  plotting  the  energy  absorbed  by  the  sample  as  a  func¬ 
tion  of  frequency.  There  are  a  oeuple  of  ways  in  which  an  not  spectrometer 
differs  from  optical  instruments.  The  nuelenr  asgnetlc  energy  levels  ere 
closely  spaced  so  that  radio  frequency  energy  is  required  te  induce  transi¬ 
tion!  therefore,  the  source  of  radiation  is  monochromatic  and  you  don't  meed 
to  worry  about  prisms  or  gratings.  Another  point  is  that  the  spacing  of  the 
energy  levels  is  determined  by  the  external  applied  magnetic  Held,  se  the 
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spectrum  cun  be  scanned  by  sweeping  the  magnetic  field  while  keeping  the  fre¬ 
quency  of  the  radiation  constant,  as  well  as  by  the  reverse  procedure  as  In 
more  conventional  spectroscopy* 

In  any  event,  the  physicists  turned  vith  enthusiasm  to  the  NMR  methods  of 
measuring  nuclear  spins  and  g  values*  In  a  very  few  years,  measurements  were 
obtained  for  virtually  all  stable  nuclei  and  extensive  tabulations  of  such  re¬ 
sults  are  now  available.9  It  has  been  found  that  at  applied  magnetic  fields 
of  convenient  laboratory  magnitude,  say  10,000  gauss,  the  Larmor  frequency  for 
different  nuclear  species  covers  a  range  from  1  Me/ sec  or  less  to  about 
50  Mc/sec.  Moreover,  the  frequencies  for  different  nuclear  species  seldom 
overlap.  The  importance  of  the  methods  was  soon  recognized  by  the  award  of 
the  Nobel  Prize  to  Bloch  and  Purcell.  Also,  as  a  footnote,  I  think  it  is  of 
interest  that  this  year's  Nobel  Prise  in  physics  included  Marla  Goeppert  Mayer 
and  J.  Hans  D.  Jensen  for  their  work  on  the  nuclear  shell  theory,  which  work 
was  based,  in  part,  on  the  SMB  results  for  nuclear  spins  and  nuclear  g  values. 

But  to  return  to  my  main  theme,  even  before  the  first  successful  NMR  ex¬ 
periment  was  performed,  it  was  appreciated  by  the  physicists  that  the  detailed 
characteristics  of  the  NMR  absorption  could  be  very  sensitive  to  the  chemical 
matrix  in  which  the  nuclei  reside.  And  once  the  experimental  breakthrough  oc¬ 
curred,  the  physicists,  chemical  physicists,  and  physical  chemists  began  to 
study  the  various  ways  in  which  interactions  between  a  nucleus  and  its  sur¬ 
roundings  could  modify  various  details  of  the  Ml  absorption.  The  apprecia¬ 
tion  that  such  interactions  could  serve  as  the  basis  for  chemical  analysis  was 
not  long  in  coming,  but  I  believe  that  it  is  significant  that  Bloch's  patent 
on  nuclear  induction4  refers  only  to  classical  analytical  chemistry,  namely 
elsmental  or  Isotopic  analysis,  which  has  turned  out  to  be  one  of  the  least 
important  analytical  applications  of  MU  The  reason  for  this  is  suggested 
by  Table  I,  in  which  I  have  listed  the  types  of  Ml  iastiuseatation  and 
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Table  I.  Analytical  Applications  of  Nuclear  Magnetic  Resonance 

I.  High  Resolution  NMR  (liquids  and  gases) 

Chemical  Shifts  and  Spin-Spin  Coupling 

A.  Determination  of  structural  formulae 

B.  Theory  of  electronic  structure  of  molecules 

C.  Investigate  intermolecular  and  interionic  forces 

D.  Dynamic  processes 

E.  Quantitative  analysis 

II.  Broad  Line  NMR  (solids) 

Dipole-Dipole  Interactions 

A.  Internuclear  distances  and  crystal  structure 

B.  Dynamic  structure  •  molecular  rotation,  diffusion  rates 

C.  Crystal  imperfections,  polymer  crystallinity,  shift  anisotropy 

III.  Radiofrequency  Pulse  Experiments  (s,  1,  and  g) 

Ruclear  Relaxation  Tines,  Tj  and  Ta 

A.  Rates  and  nature  of  molecular  motions,  e.g.  rotation 

B.  Paramagnetic  species  -  solvent  Interactions 

C.  Rates  of  exchange  type  kinetic  processes 


8 


phenomena  somewhat  arbitrarily  in  three  classes,  and  indicated  typical  problems 
which  can  be  studied  by  observing  each  group  of  phenomenon  with  each  type  of 
instrumentation. 

Most  of  you  probably  have  been  exposed  to  high  resolution  NMR.  It  in¬ 
volves  the  first  group  of  phenomena,  the  chemical  shifts  and  the  electron 
coupling  of  the  nuclear  magnetic  moments.  High  resolution  NMR  is  the  most 
widely  applied  type  of  NMR. 3,8  Certainly  it's  the  most  dramatic.  The  high 
resolution  NMR  spectrum  of  a  liquid  or  gas  is  very  sensitive  to  the  molecular 
structure  and  many  subtle  structural  problems  are  being  solved  by  this  tech¬ 
nique.  Often  these  problems  could  be  solved  by  other  methods,  but  with  much 
greater  difficulty.  In  same  cases,  no  other  method  would  serve.  Perhaps  in 
the  discussion  Dr.  Shoolery  can  present  some  current  examples. 

The  second  group  of  applications  depends  upon  the  interactions  among  the 
nuclear  dipoles  themselves.  Most  of  these  applications,  or  at  least  many  of 
them,  are  probably  closer  to  physical  than  to  analytical  chemistry.  However, 
one  such  application,  the  determination  of  the  relative  percentages  of  crys¬ 
talline  and  amorphous  regions  in  a  polymer  such  as  polyethylene,  is  certain¬ 
ly  a  good  analytical  application.  And  I  might  add  again  as  a  footnote  that 
when  George  Fake  and  I  set  out  to  investigate  the  effect  of  molecular  mobil¬ 
ity  upon  the  dipolar  broadening  of  NMR  lines  in  solids,3  we  weren't  concerned 
about  polymer  crystallinity. 

The  last  group  of  phenomena,  the  relaxation  times,  are  relatively  unprom¬ 
ising  as  far  as  routine  analytical  applications  are  concerned.  I  am  afraid 
that  most  chemists  will  continue  to  think  of  the  nuclear  relaxation  times  only 
when  their  values  are  unfavorable  for  high  resolution  NMR;  and  then,  of  course, 
they  are  a  nuisance. 
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The  main  point  I  wish  to  draw  from  Table  I  is  the  vide  range  of  physical 
properties  which  can  be  measured  in  NMR  experiments  and  the  correspondingly 
wide  range  and  the  sophisticated  nature  of  the  analytical  problems  which  can 
be  solved.  A  subsidiary  point  is  that  most  of  these  phenomena  and  their  ana¬ 
lytical  applications  were  not  predicted.  In  other  words,  if  you  are  an  ana¬ 
lytical  chemist  and  you  want  to  discover  a  new  phenomenon  to  perform  a  new 
type  of  analysis,  the  odds  are  overwhelmingly  against  success. 


IV.  Study  of  Fast  Reactions  by  HMB 

This  brings  me  to  the  second  main  part  of  ay  talk.  It  is  concerned  with 
a  particular  NMR  application,  namely  the  study  of  fast  chemical  exchange  pro¬ 
cesses.  One  of  the  main  reasons  I  hare  selected  this  problem  is  that  it  is  of 
current  interest  to  us  at  Illinois,  at  least  Dr.  Adam  Allerhand  should  be  back 
there  now  hard  at  work  on  it  while  I  am  here  enjoying  the  hospitality  of  Texas. 
Another  reason  to  discuss  this  problem  is  that  the  methods  are  still  evolving 
and  they  will  illustrate  further  why  most  basically  new  analytical  concepts 
and  methods  originate  with  the  phenomenon-  or  problem-oriented  scientist  rath¬ 
er  than  being  produced  by  analytical  chemists  of  a  more  traditional  variety. 

A,  General  Considerations 

NMR  studies  of  chemical  exchange  processes  can  be  based  on  either  the 
chemical  shift  or  on  the  splittings  of  high  resolution  spectra  produced  by 
electron  coupling  of  the  nuclear  spins.  The  exchange  process  of  concern  to  us 
in  the  application  I  will  describe  involves  the  chemical  shift.  The  nature  of 
the  chemical  shift  msy  be  illustrated  by  considering  the  fluorine  spectrum  for 
1, 3, 5-trifluoro-benzotri fluoride.  There  are  four  main  groups  of  lines,  three 
of  essentially  equal  intensity  and  the  fourth  about  three  times  the  integrated 
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Intensity  of  the  other  three.  A  major  advantage  of  NMR  Is  that  the  transition 
probabilities  which  detexmine  the  intensity  of  the  absorption  lines  depend 
very  largely  upon  nuclear  properties.  Thus,  except  for  usually  minor  environ¬ 
mental  effects,  one  proton  will  absorb  as  strongly  as  another,  and  one  fluor¬ 
ine  atom  as  strongly  as  another.  In  consequence,  there  Is  a  simple  direct 
relationship  between  the  Intensities  of  the  NMR  lines  and  the  relative  concen¬ 
trations  of  the  nuclei  contributing  to  the  lines. 

Therefore,  in  the  case  of  1, 3, 5 -trifluoro-benzotri fluoride,  we  can  assign 
without  any  difficulty  the  most  intense  line  to  the  three  fluorines  in  the  CF3 
group  and  the  other  three  lines  to  various  of  the  fluorine  nuclei  attached  to 
the  ring.  Also,  if  you  want  to  go  through  a  more  detailed  analysis  of  simpler 
substituted  fluorobeazenes,  you  can  determine  which  of  the  other  three  lines 
corresponds  to  which  fluorine  on  the  ring.3 

The  chemical  shift  arises  because  HQ,  the  magnitude  of  the  field  at  the 
nucleus,  differs  from  Hft,  that  applied  to  the  sample.  There  is  a  magnetic 
shielding  of  the  nucleus  by  a  fractional  amount  o  which  depends  upon  the  elec¬ 
tronic  structure  of  the  molecule  or  other  chemical  species  containing  the  nu¬ 
cleus.  Thus,  one  can  write 

H0«Ha(l-o).  (2) 

As  to  the  nature  of  the  interaction  producing  o,  it  should  be  remembered  that 
electrons  have  magnetic  properties  so  it  is  reasonable  to  have  them  interact¬ 
ing  with  a  magnetic  field. 

In  any  case,  physicists  discovered  the  phenomenon  of  the  chemical  shift. 
They  considered  it,  at  least  initially,  as  a  nuisance  which  leaves  one  with 
uncertainties  in  the  nuclear  g  value.  That  is,  if  you  don't  know  the  extent 
to  which  the  nucleus  is  shielded  by  these  interactions  between  the  electrons 
and  the  external  magnetic  field,  you  don't  know  whether  you  have  a  smaller 
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G  value  or  a  higher  shielding  :onstant .  The  chemical  shifts  result,  of 
course,  from  the  fact  that  there  are  different  shielding  parameters  for 
different  nuclei  in  different  chemical  environments. 

The  chemical  exchange  process  in  question  is  suggested  by  the  structural 
formulae  given  belov  for  the  N,N-dimethyl  amides. 


CH3 


ch3 


\ 


CHa 


"V= 


Clfe 


'V 


(3) 


When  R  is  H  or  CH3,  these  are  the  two  main  resonance  structures  for  dimethyl - 
formamlde  and  dimethylacetamide,  respectively.  Pauling,  a  number  of  years 
ago,  predicted  that  because  the  N-C  bond  has  double -bond  character,  the  back¬ 
bone  of  the  molecule  would  have  a  planar  configuration.7  This  is  a  very  im¬ 
portant  point  in  biology  because  the  a-hellx  structure  proposed  by  Pauling  for 
proteins  was  based  upon  the  assumption  that  the  amide  group,  the  heavy  atom 
skeleton  in  this  type  of  compound,  is  planar.  The  properties  of  proteins  de¬ 
pend  upon  how  stiff  this  planar  structure  is  so  the  question  arises  as  to  how 
the  stiffness  of  the  amide  group  can  be  measured. 

This  is  really,  then,  a  problem  of  determining  the  ease  of  rotating  the 
molecule  about  the  nitrogen  carbon  bond,  or  of  determining  the  rate  of  ex¬ 
change  of  the  N-CH3  groups  between  the  sites  els  and  trans  to  the  oxygen.  If 
we  measure  the  reorientation  rate  as  a  function  of  temperature  and  plot  the 
log  of  the  rate  constant  versus  l/T,  the  slope  of  the  resulting  curve  would  be 
the  energy  barrier  to  reorientation,  which  would  be  a  quantitative  measure  of 
the  stiffness  of  the  group. 

How  can  the  reorientation  rate  be  measured  in  such  compounds?  This 
is  a  classical  sort  of  analytical  problem.  In  principle,  it  could  be  solved 
by  labelling  the  CH3  group  cis  to  the  oxygen  atom,  say  by  putting  a  deuterium 
on  it,  and  then  observing  the  rate  at  which  the  labeled  groups  appear  in  the 
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pcsltloa  trans  the  oxygen.  It  Is  a  natter  of  measuring  the  relative  concen¬ 
tration  of  two  species  of  molecules  as  a  function  of  time  at  different  temper¬ 
atures.  In  favorable  circus  stances,  sane  such  more  or  less  classical 
analytical  techniques  could  be  applied  successfully  to  this  problem.  However, 
the  average  time  required  for  these  molecules  to  undergo  internal  rotation  Is 
about  0.1  sec  at  room  temperature,  and  in  these  days  of  increasingly  slow  mov¬ 
ing  graduate  students,  chemical  separation  is  not  the  answer  to  the  problem 
even  if  one  could  synthesize  the  proper  lsotopically-labelled  compound. 

B.  Steady  State  HMR  Studies  of  Amides 

There  is,  however,  a  more  subtle  label  attached  to  two  N -methyl  groups  in 
amides.  If  there  weren't,  I  wouldn't  be  discussing  the  amide b.  The  room  tem¬ 
perature  proton  magnetic  resonance  spectrum  of  dlmethylformamide  (IMF)  con¬ 
sists  of  three  lines,  two  closely  spaced  and  of  equal  intensity  and  the  other 
only  about  l/3  this  intensity.8  It  is  clear  that  the  two  equal,  stronger 
lines  come  from  the  two  structurally  non-equivalent  methyl  groups  in  the  di- 
methylformamide .  The  weak  line  is  assigned  to  the  CH  group.  The  proton  spec¬ 
trum  of  dlmethylacetamlde  (IMA)  has  three  lines  of  equal  intensity,  two  of 
which  are  close  together  at  positions  similar  to  those  of  the  close  pair  from 
DMF.  There  are  three  CHg  groups  in  DMA  and  by  reference  to  the  spectrum  of 
IMF  we  assign  the  close  pair  of  lines  to  the  two  N-CHs  groups  and  the  other  to 
the  C-CH3  group.8 

What  can  be  said,  then,  is  that  the  two  different  N-CH3  groups  in  either 
IMF  or  DMA  are  labelled  by  their  different  chemical  shifts.  Furthermore,  the 
room  temperature  exchange  rate  is  too  slow  to  affect  this  magnetic  label.  But 
if  the  exchange  rate  is  increased  by  raising  the  temperature  of  the  sample, 
the  chemical  shift  is  averaged  out  in  a  manner  which  can  be  related  to  the  ex¬ 
change  rate. 
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This  is  illustrated  in  Fig.  1,  which  is  a  composite  of  the  N-methyl  group 
doublet  in  N,N-dimethyltrichloroacetamide  (R  ■  CCI3  in  formula  3)  at  successively 
increasing  temperatures.  At  low  temperatures  the  two  lines  are  sharp  and  clearly 
resolved.  As  the  temperature  is  raised,  the  two  components  broaden  and  then  even¬ 
tually  coalesce  at  the  center  of  the  original  doublet.  At  still  higher  tempera¬ 
tures,  the  single  broad  line  begins  to  narrow  and  soon  becomes  as  narrow  as  one  of 
the  two  lines  in  the  low  temperature  spectrum. 

There  are  several  ways  to  describe  the  origin  of  this  effect.  Mathematically 
the  problem  is  relatively  easy.  In  fact,  it  is  easier  to  go  through  the  detailed 
mathematics  than  to  construct  a  simple  physical  model  or  picture  to  explain  why  it 
happens.  The  results  of  such  a  mathematical  analysis  are  given  graphically  in 
Fig.  2.  Here  we  consider  a  two  site  case,  which  is  the  analogue  of  the  amides, 
and  assume  that  each  of  these  two  sites  have  equal  populations  of  nuclei.  The  av¬ 
erage  time  between  exchanges  of  a  nucleus  between  the  sites  is  defined  as  2T,  and 
the  exchange  process  is  assumed  to  be  that  which  occurs  in  the  N,N-dimethylamides, 
namely  nuclei  are  interchanged  between  the  two  sites. 

For  our  purposes,  the  line  shapes  can  be  calculated  most  simply  by  starting 
with  the  Bloch  equations®  which  describe  the  nuclear  magnetization  for  e  single 
cot  of  nuclei,  with  the  static  magnetic  field  Hq  in  the  z-direction. 

du/dt  +  (oj^ -01  )v  «  -u/T2 

dv/dt  -  (u>  -u>)u  *  -(v/Ta)  -  oijM  (M 

o  z 

mjdt  -  =  (mz-mo)/t1 

The  quantities  u,  v,  and  Mz  are  the  three  components  of  nuclear  magnetization 
along  a  set  of  axes  rotating  with  the  angular  frequency  w  of  the  applied  rf  field. 
Also,  u>o  is  the  Larmor  frequency  tHq,  where  r  »  2*#/h,  and  Mq  is  the  value  of  Mz 
when  the  nuclear  spin  system  is  in  thermal  equilibrium 
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Fig.  1.  The  proton  magnetic  resonance  spectrum  of  N,N-diaethyltrichloroacet- 
anlde  (DMTCA)  as  a  function  of  temperature;  at  60  Mc/sec.  The  frequency 


scale,  but  not  the  intensity  scale,  is  the 


for  all  temperatures 
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Fig.  2.  The  averaging  by  chemical  exchange  of  a  chemical  shift  in  a  high 
resolution  HMR  spectrum.  It  is  assumed  that  mutual  exchange  occurs  be¬ 
tween  two  sites  (a  and  b)  which  are  equally  populated  (Pft  ■  P^)  and  which 
have  resonance  frequencies  separated  by  to  radlans/sec  in  the  absence  of 
the  exchange;  2T  is  the  average  time  that  a  nucleus  stays  at  one  site. 


with  its  surroundings.  In  Eq.  (4),  u'j  =  yH,  and  H,  is  the  strength  of  the  ap¬ 
plied  rf  magnetic  field  rotating  at  the  angular  frequency  o>.  Hx  is  taken  as 
parallel  to  u.  is  the  spin-lattice  relaxation  time  and  Ta  Is  the  inverse 
line-width,  often  called  the  transverse  relaxation  time. 

If  the  rf  field  H*  is  small,  and  Ta  is  relatively  short,  both  reasonable 

approximations,  saturation  effects  are  negligible  and  M  &  M  .  In  this  case, 

z  o 

the  NMR  absorption  line  shape  is  given  by  the  imaginary  port  of  the  nuclear 
magnetization  in  the  x-y  plane,  G  *  u  +  iv,  where  G  must  satisfy  the  following 
simplified  version  of  Eq.  (4). 

dG/dt  +  { (l/Ta)  -  i(o>o-ai)]G  -  (5) 

Equation  (5)  leads  to  a  single  resonance  line,  of  Lorentzlan  shape,  centered 
at  o>o  and  with  a  full  width  at  half-maximum  intensity  of  (2/Ta)  see"1.  Thus, 
our  two  site  situation  with  no  exchange  can  be  represented  by  two  such  equa¬ 
tions,  in  G^  and  G^  with  a)Q  replaced  by  <»Q  -  (8u>/2)  and  o>q  +  (8o>/2),  respec¬ 
tively. 10,11  The  spectrum  labelled  4  in  Fig.  2  was  calculated  in  this  manner, 

for  G  =  G  +  G,  with  T„  =  T_.  ,  and  it  agrees  well  with  the  observed  low  tem- 
a  b  2a  2b' 

peroture  spectrum  for  DMTCA  given  in  Fig.  1. 

The  chemical  exchange  of  a  nucleus  between  sites  a  and  b  transfers  its 
nuclear  magnetization  between  Gft  and  G^  or,  in  the  more  general  case,  between 
Eq.  (4)  for  a  and  b.  In  the  original  treatment  of  such  effects, 8,10,11  the 
"life-history"  of  the  magnetization  was  calculated  for  a  single  nucleus  and 
then  the  appropriate  averages  were  taken  over  the  ensemble  of  nuclei  involved 
in  the  exchange  process.  Since  then  an  equivalent  procedure  has  evolved18' 13 
which  has  advantages  in  treating  more  complex  systems.  The  effects  of  ex¬ 
change  can  be  incorporated  directly  in  Eq.  (4);  as  an  example,  the  result  for 
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dua/dt  +  (o>a^)va  -  -(ua/T2a)  -  Cftua  +  Cbub  (6) 


where  Ca  and  are  the  rates  at  which  nuclei  leave  sites  a  and  b,  respective¬ 
ly.  The  equations  for  v  ,  v^,  M^,  and  Mgb  are  obtained  In  the  same  fashion, 
and  solution  of  the  set  of  six  gives  the  line  shape  as  a  function  of  exchange 
rate. 

Whether  the  approach  be  via  Eq.  (5)  or  Eq.  (6),  the  result  for  our  equal¬ 
ly  populated  two- site  case  is 


-1%M0-|[2  + 

khV-  1 


(7) 


where  oi^  m  (l/Tgj)  -  1((Dj.<d),  and  ■  2t  is  the  mean  lifetime  of  a  nu¬ 
cleus  In  each  of  the  two  sites.  Equation  (6)  was  used  to  calculate  the  line 

shapes  In  Fig.  2  for  different  exchange  rates  l/2T.  These  are  universal 
curves  in  the  sense  that  their  shape  depends  upon  the  ratio  &»/(l/2T)>  or  the 
product  2T&o,  and  not  upon  2T  and  &U)  independently.  It  is  seen  that  these 
theoretical  curves  are  identical  in  nature  to  the  experimental  ones  in  Fig.  1. 

Thus,  the  theory  appears  to  be  valid  and  the  calculated  curves  enable  as 

to  take  the  observed  coalescence  of  the  lines  and  obtain  from  it  the  exchange 
rate.  Three  main  approaches  have  been  used  for  this  purpose.  The  one  which 
Chuck  Holm  and  I  first  tried®  was  the  dependence  of  the  apparent  separation 
between  the  two  components  of  the  doublet  as  a  function  of  the  exchange  rate, 
i.e.  of  the  temperature.  In  this  case  the  sample  is  cooled  to  get  the  maximum 
separation  between  the  lines,  which  is  assumed  to  be  that  characteristic  of  no 
exchange,  namely  Jo^  -  u>b|  »  ew.  By  using  this  value  for  &»,  one  can  calculate 
2T,  the  mean  lifetime  for  exchange,  from  each  of  the  smaller  splittings  observed 
at  higher  temperatures. 
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Another  aspect  of  the  line  shape  which  is  affected  by  the  exchange  rate 
is  the  peak  intensity  of  the  two  components  in  comparison  to  the  central  in¬ 
tensity.  In  the  absence  of  exchange,  if  you  have  completely  resolved  lines, 
there  would  be  zero  Intensity  at  the  center  of  the  doublet.  However,  it  can 
be  seen  in  both  Figs.  1  and  2  that  as  the  exchange  rate  increases  there  is  a 
decrease  in  the  intensity  of  the  two  peaks  and  a  building  up  of  intensities  in 
the  center.  The  ratio  of  the  peak  to  the  central  intensity  can  be  related  to 
T  by  means  of  Eq.  (7)  and  such  measurements  have  been  used  in  rate  studies.14 

Another  possibility  is  that  if  the  two  lines  have  coalesced  into  one  line 
but  the  exchange  rate  is  still  "  slow’’  that  line  is  still  broader  than  it  would 
be  if  the  exchange  were  "fast."  In  Buch  cases  this  extra  broadening  can  be 
measured  as  a  function  of  exchange  rate,  or  temperature,  until  the  line  be¬ 
comes  completely  exchange  narrowed.  Similar  considerations  apply  to  the  ini¬ 
tial  broadening  of  the  separate  components  in  the  very  slow  exchange  limit. 
Line  broadening  of  both  varieties19  has  been  applied  to  rate  studies.  In  some 
more  complicated  systems,  rate  studies  have  been  made  by  calculating  the  en¬ 
tire  line  shape  as  a  function  of  exchange  rate  and  comparing  the  theoretical 
curves  with  the  observed  line  shapes. 

Returning  to  the  amides,  in  our  early  work8  we  used  the  coalescence  of 
the  N-methyl  doublet  to  determine  the  exchange  rate,  l/2T,  as  a  function  of 
temperature  for  DMF  and  DMA.  Arrhenius  type  plots  of  log  (l/2T )  versus  l/T 
are  straight  lines.  The  slopes  correspond  to  activation  energies  E^  of  about 
10  kcal/mole  for  the  internal  rotation  of  both  amides.  Recently,  a  much  more 
extensive  study16  of  a  variety  of  substituted  N,N-dimethylamides,  using  the 
intensity  ratio  method,  has  yielded  E  's  ranging  from  7.5  +  O.p  kcal/mole  for 
the  carbonyl  chloride  derivative  to  18.5  +  0.7  for  I»iF.  These  are  generally 
somewhat  smaller  than,  but  still  in  reasonable  agreement  with,  Pauling’s  esti¬ 
mate  of  20  kcal  resonance  stabilization  of  the  planar  amide  group  by  the 
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double  bond  contribution.7  For  one  would  expect  the  double  bond  energy  to  be 
approximately  the  barrier.  To  reorient  one  end  of  the  molecule  with  respect 
to  the  other,  you  would,  in  effect,  have  to  break  the  double  bond  and  convert 
it  to  a  single  bond. 

One  aspect  of  our  early  results8  which  troubled  us  at  the  time  is  that 
the  Arrhenius  frequency  factor  is  only  about  107  to  10®.  This  is  low  compared 
with  the  1012  to  1014  which  one  would  predict  for  a  pseudo  first-order  rate 
process  proceeding  via  blaolecular  collisions. 

C,  Rate  Studies  by  NMR  Spin  Echoes 

The  NMR  steady- state  methods  outlined  above  have  been  applied  very  widely 
to  the  study  of  fast,  exchange-type  rate  processes.  One  limitation  of  the 
method,  however,  is  that  it  is  sensitive  only  to  rate  processes  for  which  the 
exchange  rate,  (l/2T )  sec-1,  Is  comparable  with  the  chemical  shift  in  cps,  or 
other  splittings  being  averaged  out.  Once  the  exchange  narrowed  limit  of  a 
single  narrow  line  has  been  approached,  further  Increases  in  rate  do  not  af¬ 
fect  the  usual  high  resolution  spectrum  appreciably.  In  part  this  is  because 
inhomogeneities  and/or  instabilities  in  the  applied  magnetic  field  then  govern 
the  line  widths  and  resolution,  and  in  part  because  the  fractional  line  nar¬ 
rowing  with  increased  exchange  rate  becomes  smaller  at  the  higher  rates.  This 
limits,  often  rather  severely,  the  cases  which  can  be  studied. 

Nonetheless,  the  information  as  to  the  dynamic  processes  going  on  within 
the  sample  is  contained  in  the  sample,  and  we  would  like  to  get  it  out.  And, 
in  fact,  this  can  be  done  by  another  magnetic  resonance  technique.  Recent 
work  of  Don  Woessner13  at  the  Socony  Mobile  labs  at  Dallas  and  of  Saul  Mei- 
boom17  at  the  Bell  Telephone  labs  has  suggested  that  exchange  rates  too  fast 
for  accurate  measurement  by  the  high  resolution  steady  state  NMR  method  Just 
described  can  be  determined  by  radio  frequency  pulse  methods. 
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The  pulse  methods  differ  from  the  steady  state  slow  passage  experiment  in 
that  you  in  effect  control  the  length  of  time  you  look  at  the  nuclear  magneti¬ 
zation  and,  of  more  importance,  you  can  adjust  the  length  of  time  between 
looks.  Thus,  there  is  the  possibility  of  decreasing  the  time  between  looks  so 
that  it  is  comparable  with  the  exchange  lifetime.  Thereby,  you  can  hope  to  ob¬ 
serve  effects  of  the  exchange  upon  the  nuclear  magnetization  even  though  such 
effects  are  averaged  out  during  the  longer  time  scale  of  the  steady  state 
experiment . 

The  theory  of  the  rf  pulse  experiments  can  be  developed1®*17  from  the 
Bloch  equations  including  exchange,  Eq.  (6),  with  the  result  that  when  the 
time  between  looks  is  approximately  the  exchange  lifetime,  observable  effects 
are  predicted  from  which  can  be  obtained  not  only  the  exchange  lifetime  but 
also  the  frequency  difference  of  the  sites  involved  in  the  exchange.  And  this 
is  true  even  though  the  exchange  narrowing  of  the  steady  state  spectrum  is 
virtually  complete. 

During  the  past  several  months  we  have  been  assessing,  mathematically  and 
experimentally,  the  utility  of  rf  pulse  methods,  in  particular,  the  spin-echo 
technique1®*19  for  studying  fast  chemical  exchange.  The  apparatus  used  in  our 
experiments  is  quite  standard.®0  It  includes  a  stable  cw  rf  oscillator,  a 
frequency  doubler  and  a  powerful  rf  amplifier.  There  is  a  set  of  pulse  gener¬ 
ators  which  drives  gating  circuits  on  the  frequency  doubler  and  rf  amplifier. 

In  this  manner,  the  rf  pulses  are  formed  with  adjustable  width,  separation  and 
intensity,  and  in  various  sequences.  These  pulses  are  applied  to  a  tuned  cir¬ 
cuit  which  contains  the  sample  in  the  field  of  the  magnet.  The  output  of  the 
sample  circuit  goes  to  a  broad  band  rf  receiver,  and  from  there  to  an  oscillo¬ 
scope  display. 
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The  nuclear  spin  echo,  which  is  the  quantity  observed  in  our  experiments, 
is  illustrated  by  the  oscilloscope  photograph  in  Fig.  3,  where  the  abscissa  is 
a  tine  axis  going  from  left  to  right.  In  this  case  the  sample  was  glycerine 
at  room  temperature,  and  the  proton  resonance  was  observed  at  a  fixed  magnetic 
field  corresponding  to  the  resonance  frequency  of  26.9  Mc/sec.  At  the  far 
left  of  Fig.  3  is  the  first  rf  pulse.  It's  a  so-called  90°  pulse;  its  inten¬ 
sity  Hj  and  width  t^  are  adjusted  so  that  it  turns  the  nuclear  magnetization 
(initially  Mo)  from  the  z-direction  (Hq)  into  the  x-y  plane,  i.e.  rHjt^  ■  77/2. 
As  Mq  precesses  in  the  x-y  plane,  it  induces  an  rf  signal  in  the  sample  coll 
at  the  resonance  frequency  rHQ.  However,  the  individual  nuclei  whose  moments 
combine  to  give  MQ,  precess  about  Hq  at  slightly  different  frequencies,  cen¬ 
tered  at  rHQ,  because  of  the  inhomogeneities  in  Kq  and  also  because  of  the  in¬ 
trinsic  width  2/Ta  of  the  resonance  line.  Therefore,  the  nuclear  moments  get 
out  of  phase,  their  net  magnetic  moment  decreases,  and  the  signal  they  induce 
after  the  9O0  pulse  falls  off  to  give  what  iB  called  the  Bloch  induction 
decay. 

Near  the  center  of  Fig.  3  is  a  little  spike  corresponding  to  a  second 
rf  pulse  which  is  of  the  same  intensity  as  the  first  pulse  but  which  lasts 
twice  as  long.  Therefore,  it's  a  180°  pulse.  The  pulse  itself  isn't  visi¬ 
ble  because  its  voltage  is  much  greater  than  that  of  the  nuclear  induction 
signals.  So  the  pulse  is  off  scale;  also,  the  writing  speed  of  the  oscil¬ 
loscope  trace  is  too  fast  for  the  rise  and  descent  of  the  pulses  to  regis¬ 
ter.  The  180°  pulse  reverses  the  orientation  of  the  individual  nuclear 
magnetic  moments,  and  thereby  it  changes  the  sign  of  the  dephasing  which  each 
nucleus  has  experienced.  This  dephasing  depends  upon  the  magnetic  fields  ex¬ 
perienced  by  each  nucleus  during  the  time  t  between  the  first  and  second 

P 

rf  pulses.  If  the  magnetic  fields  did  not  change  with  time,  then  after  the 
second  pulse,  the  individual  nuclei  would  continue  to  precess  at  the  same 
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Fig.  5.  An  oscilloscope  tracing  of  the  proton  spin  echo  from  glycerine  «t 
roam  temperature  with  a  resonance  frequency  of  26*9  Me/ sec.  The  total 
sweep  is  40  nsec.  The  9O0  pulse  is  at  t  -  0)  the  Bloch  induction  decay  is 
over  at  t^  ■  13  msec  at  which  tine  the  180°  pulse  is  applied..  The  echo  is 
the  signal  peaked  at  26  msec. 
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different  rates  as  before  and  would  thereby  cancel  the  (now  reversed)  dephas¬ 
ing  which  occurred  between  the  first  and  second  pulses.  Thus,  at  the  time  t 
after  the  second  pulse,  the  nuclei  would  be  rephased  and  would  induce  a  nucle¬ 
ar  signal,  the  spin  echo  which  is  at  the  right  of  Fig.  3. 

Actually,  some  of  the  dephasing  is  irreversible  so  the  peak  amplitude  of 
the  echo  is  less  than  the  initial  amplitude  of  the  induction  signal  after  the 
first  pulse.  This  irreversible  dephasing  results  here  from  the  random  inter¬ 
actions  which  determine  the  intrinsic  line  width  2/T2.  The  major  contribution 
to  T2  in  liquids  usually  is  the  spin-lattice  relaxation  which  in  the  present 
case  returns  nuclear  magnetization  from  the  x-y  plane  to  M  .  Inspection  of 
Eq,  (4)  shows  that,  at  least  in  the  simpler  situations  covered  by  this  single 
set  of  Bloch  equations,  the  time  dependence  of  the  irreversible  dephasing  is 
of  the  form  M^l-e-*^8).  From  this  and  Fig.  3,  it  is  apparent  that  one  way 
to  determine  T2  is  to  measure  the  echo  amplitude  as  a  function  of  the  pulse 
separation  t  in  the  9O0,  180°  two-pulse  sequence.  Another  way,  which  has 
several  advantages,  is  to  obtain  a  Carr-Purcell  train  of  echoes19  by  extending 
the  pulse  sequence  in  Fig.  3  with  additional  180°  pulses,  spaced  at  intervals 

of  2t  »  t  after  the  first  180°  pulse.  Such  trains  of  echoes  are  reproduced 

P  cp 

in  Figs.  4  and  5»  I*  may  *>e  seen,  particularly  in  Fig.  5/  that  there  is  an 
exponential  decay  in  the  peak  amplitudes  A  of  the  echoes,  or  in  the  echo  en¬ 
velope  as  it  is  called.  A  plot  of  log  1(A-Ao)/Aq]  versus  t  yields  a  straight 
line  of  slope  l/T2. 

If  there  are  no  chemical  exchange  effects,  then  T2  is  independent  of  the 
pulse  separation.  But  if  there  are  exchange  effects,  then  the  T2  observed 
does  depend  upon  the  pulse  separation.  This  occurs  because  the  chemical  ex¬ 
change  produces  a  random,  irreversible  dephasing  of  the  nuclear  moments.  If  a 
nucleus  Jump3  from  one  site  to  another,  say  a  to  b,  the  base  precessional  fre¬ 
quency  changes  from  oi  to  w  ,  and  the  dephasing  rate  changes  correspondingly 

8k  0 


Fig.  4.  An  oscilloscope  tracing  of  a  Carr-Furcell  train  of  proton  spin 

echoes  froa  glycerine.  Conditions  were  as  in  Fig.  5  except  that  the  total 

sweep  is  200  nsec  and  additional  180°  pulses  follow  the  first  180°  pulse  at 

intervals  of  t _  ■  1J  nsec. 
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Fig.  5*  An  oscilloscope  tracing  of  a  Carr- Pure  ell  train  of  spin  echoes  from 
glycerine  under  conditions  the  sene  ns  In  Fig.  k  except  for  e  —all  er  pulse 
separation,  t  -  5  nsec. 


f 


-  26  - 


for  that  nucleus.  But  if  the  Carr-Purcell  pulse  separation  t  is  small 
enough,  compared  with  the  characteristic  time  V  for  the  exchange,  the  ir¬ 
reversible  dephasing  resulting  from  the  exchange  Is  negligible  and  the  ob¬ 
served  Ta  is  Ta°,  the  value  for  the  system  without  exchange.  On  the  other 

hand,  if  t  is  large  compared  with  'ti,  all  of  the  nuclei  will  have  exchanged 
cp 

many  times  between  two  pulses,  thereby  undergoing  the  maximum  additional  irre¬ 
versible  dephasing  so  that  the  total,  observed  Ta  is  a  lower  limit,  Ta°° , 
where  Ta®  <  Ta°. 

These  qualitative  considerations  are  borne  out  by  calculations  of  the  ap¬ 
parent  Ta  for  the  equally  populated  two- site  case,  as  a  function  of  the  pulse 
separation  t  for  different  exchange  rates,  l/2tt  The  calculations  were  made 
numerically  with  an  IBM  7094  computer.  The  first  step  was  to  obtain  the  echo 
envelope  for  a  particular  set  of  parameters  by  stepwise  integration,  for  the 
periods  between  rf  pulses,  of  Eq.  (6)  in  the  appropriate  form13  for  pulse  ex¬ 
periments.  The  decay  constant  Ta  was  then  obtained  from  the  echo  envelope. 
Such  calculations  were  made  for  a  wide  range  of  parameters  and  a  typical  set 
of  results  is  summarized  in  Fig.  (6). 21  It  may  be  seen  that  Ta°/Ta  approaches 

unity,  for  all  exchange  rates,  as  t  becomes  very  small.  Also,  Ta°/Ta  ap- 

cp 

proaches  a  value  several- fold  larger  than  unity  as  t  becomes  large.  More- 

CP 

ever,  Ta°/Ta®  is  larger  for  faster  exchange  rates.  Also,  it  is  noteworthy 
that  the  change  in  Ta°  between  its  limiting  values  is  centered  about  t  ~  2'K 
Experiments  corresponding  to  these  theoretical  curves  were  performed  on 
the  proton  resonance  of  N,N-dimethyltrichlcroacetamide  (DMTCA),  at  a  resonance 
frequency  of  26.9  Mc/sec.  The  apparent  Ta  was  measured  by  the  Carr-Pxroell 
echo-envelope  method,  as  a  function  of  pulse  separation  for  a  number  of  dif¬ 
ferent  temperatures  from  4°  to  60°C.  Typical  results  obtained  are  given  in 
Figs.  7-9  as  log- log  plots  of  Ta°/Ta  versus  Ta°/t  ,  for  six  different  temper- 
atures.  The  points  for  each  temperature  define  curves  which  agree  in  general 


•  6.  Theoretical  results  for  the  dependence  of  the  apparent  Ta  upon  the 
Carr-Purcell  pulse  separation  t  at  different  nuclear  exchange  rates  l/2V, 

cp 

for  tke  equally  populated  two-site  ease  vitk  a  ckwdoal  sklft  of  &>. 


■aster*  la  tke  figure 


Fig.  8.  The  proton  apparent  Ta  observed  at  26.9  Me/aee  aa  a  function  of 
pulse  separation  tcp  la  Carr-Purcell  echo  envelopes  for  EMECA  at  17°  and 
25°C.  The  lines  are  best  fit  theoretical  curves  corresponding  to  the  par- 


aneters  In  the  figure. 


[•  9*  The  proton  apparent  Ta  observed  at  26.9  Mc/sec  as  a  function  of 
poise  separation  t  in  Carr-Purcell  echo  envelopes  for  DMTCA  at  >4°  and 
47°C.  The  lines  are  best  fit  theoretical  curves  oorre spending  to  the  par- 
ansters  la  the  figure. 
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shape  with  portions  of  the  theoretical  curves  in  Fig.  6.  In  fact,  the  solid 
line  through  each  set  of  data  is  the  Meiboom  theoretical  curve17*81  fitted  to 
the  data  by  an  iterative  computer  program  and  then  checked  with  our  exact, 
stepwise  Integration  program.  The  theoretical  curve  has  three  adjustable  par¬ 
ameters,  Ta°,  to,  and  l/2T .  Initial  values  were  obtained  as  follows: 

Ta°  ~  Ta  for  small  t  ;  to  ie  approximately  the  chemical  shift  between  compon- 
cp 

ents  of  the  low  temperature,  high  resolution  doublet;  and  l/2T  is  approximate¬ 
ly  the  l/tCp  at  which  Ta  changes  most  rapidly  with  t  .  A  major  advantage  of 
this  approach  is  that  the  iterative  program  obtains  best-fit  values  for  each 
of  the  three  parameters  from  the  data  for  a  given  temperature.  These  values 
are  given  in  Table  II. 

The  internal  rotation  of  EMTCA  has  been  studied  previously16  by  means  of 
the  steady  state  high  resolution  spectra  at  60  Mc/sec,  using  the  peak  to  cen¬ 
ter  intensity  procedure  mentioned  in  Section  IV. B.  In  such  studies,  one  has 
to  assume  that  the  chemical  shift  is  temperature  independent,  and  that  the  low 
temperature  value  of  the  chemical  shift  is  the  best  approximation  to  that 
shift.  However,  our  results  for  DMTCA  indicate  that  the  shift  actually  has  an 
appreciable  temperature  dependence.  That  is,  the  true  chemical  shift  between 
the  two  sites  is,  itself,  temperature  dependent  because  of  expansion  of  the 
liquid  and  changes  in  molecular  association  with  temperature .  The  experiments 
were  done  on  the  pure  liquid  and  the  amides  are  quite  highly  associated,  so  a 
considerable  temperature  dependence  of  the  "internal  shift"  is  not  too  sur¬ 
prising  once  you  have  seen  it. 

Another  interesting  feature  of  the  results  in  Table  II  is  the  temperature 
dependence  of  Ta°,  which  increases  from  0.6l  sec  at  4°C  to  3.9I  sec  at  60°C. 
This  decrease  is  predicted  by  nuclear  relaxation  theory  for  liquids,3*5  and  it 
has  probably  at  most  a  secondary  effect  on  the  accuracy  of  the  high  resolution 
methods.  This  is  because  the  apparent  inverse  line  width  Ta*  is  used  in  the 
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Table  II.  Parameters  Describing  the  Internal  Exchange 
Averaging  of  the  Proton  Magnetization  in  N,N- 
dimethyltrichloroacetamlde  as  Obtained  from  Spin- 
echo  Experiments  at  26.9  Me/ sec. 


Temp. 

°C 

T20 

sec 

to 

rad/sec 

1/2T 

sec"1 

6V* 

epe 

h 

0.61 

45.4 

13.5 

16.1 

10 

0.93 

54.4 

17.5 

190 

17 

1.12 

59.1 

30.0 

21.0 

25 

1.5*» 

60.0 

67.5 

21.3 

3^ 

2.02 

62.8 

152.5 

22.3 

hi 

2.31 

63.9 

235. 

22.7 

47 

2.96 

65.8 

415. 

23.3 

60 

3.91 

60.0 

760. 

21.3 

*These  values  were  calculated  from  to  at  26.9  Mc/sec  for  comparison  with  the 
value  reported  in  ref,  16,  of  17.6  cps  at  60  Mc/sec  for  -28.6°C. 
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latter,  and  Ta*  is  governed  usually  by  the  inhomogeneities  in  Ho.  This  use  of 
Ta*  is  in  itself  an  approximation.  Moreover,  the  value  of  Ta*  must  be  obtained 
at  each  temperature  by  observing  the  line  width  of  a  non-exchanging  reference 
sample,  and  if  Ta*  E  Ta°,  the  temperature  dependence  of  Ta°  could  lead  to  ap¬ 
preciable  inaccuracies  in  the  analysis. 

Arrhenius  plots  are  given  in  Pig.  10  of  the  exchange  rates  l/2T  versus 
l/T  for  our  spin  echo  results  on  EMTCA  and  also  for  the  results  of  the  steady 
state  intensity  ratio  experiments.16  The  comparison  has  several  noteworthy 
features.  First,  the  shortness  of  the  temperature  range  in  the  steady  state, 
high  resolution  experiments  is  seen  to  be  a  real  limitation.  Or  if  you  wish 
to  phrase  it  another  way,  the  rf  pulse  method  measures  exchange  rates  at  least 
tenfold  faster  than  the  steady  state  method.  Moreover,  the  rf  pulse  method 
can  be  extended  to  even  faster  rates  by  using  shorter,  more  Intense  rf  pulses, 
and  receivers  with  faster  recovery  and  response  times.  There  does  not  seem  to 
be  any  reason  in  principle  why  the  range  of  the  pulse  methods  can  not  be  ex¬ 
tended  to  100- fold  faster  rates,  or  perhaps  even  more. 

Here  a  word  of  caution  is  in  order.  The  rf  pulse  method  does  suffer  from 
a  lack  of  "resolution."  Unless  the  chemical  shifts  are  very  large,  all  of  a 
given  nuclear  species  will  contribute  to  the  spin  echo  for  this  species.  And 
if  all  of  these  nuclei  do  not  participate  in  the  chemical  exchange,  the  analy¬ 
sis  of  the  echo  envelope  to  give  an  accurate  Ta  for  only  those  nuclei  exchang¬ 
ing  is  difficult,  if  not  impossible. 

Another  point  is  that  the  activation  energy  from  the  pulse  data  differs 
significantly  from  that  found  in  the  high  resolution  work.16  The  slope  of  the 
line  through  our  data  corresponds  to  an  activation  energy  of  14.1  kcal/mole, 
while  the  value  obtained  from  the  high  resolution  work  is  9.9  kcal/mole,  which 
is  a  significant  difference.  Also,  and  this  pleases  me  a  good  bit,  the  fre¬ 
quency  factor  obtained  from  our  data  is  about  5  *  10la,  which  is  a  good  deal 
more  reasonable  than  the  values  of  about  10®  from  the  high  resolution  studies. 


3.1 


3.3 


3.5 


3.7 


Fig.  10.  Arrhenius  plot*  of  log  (l/zr)  versus  l/T  for  the  Internal  reeriea- 
tatlon  of  N,H-dli^lvltrioUAae*tanlde.  The  circles  are  the  results  froa 
our  Carr-Purcell  spin  echo  experiments;  tke  triangles  are  data,  froa 
ref.  16,  obtained  toy  tke  high  resolution,  steady  state,  peak  to  caster  In¬ 
tensity  ratio  net  hod. 
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If  there  are  no  systematic  errors  hidden  in  the  rf  pulse  results  and  analysis, 
the  discrepancies  between  them  and  the  high  resolution  work  are  attributable 
to  the  temperature  dependence  of  the  chemical  shift  Sec,  which  is  assumed  con¬ 
stant  in  the  high  resolution  analysis. 

In  sunmary,  it  seems  fair  to  say  that  the  rf  pulse  methods  do  have  prom¬ 
ising  features  compared  with  the  steady  state  NMR  methods  for  measuring  the 
concentrations  of  rapidly  exchanging  chemical  species. 

IV,  The  Modern  Hole  of  the  Analytical  Chemist 

At  the  beginning  of  my  talk  I  was  brash  enough  to  say  that  at  the  end  I 
would  use  this  case  of  NMR  rate  studies  as  a  basis  for  commenting  on  the  cur¬ 
rent  state  and  future  of  analytical  chemistry.  For  this  purpose,  consider  Ta¬ 
ble  III,  which  is  a  synopsis  of  the  main  steps  by  which  this  particular 
analytical  method  has  evolved,  and  which  applies  to  science  more  or  less  in 
general. 

We  start  with  nuclear  magnetism,  which  is  a  fundamental  property  of  mat¬ 
ter.  Then  you  go  on  to  a  set  of  major  phenomena,  which  depend  upon  the  exist¬ 
ence  of  this  property.  The  one  with  which  we  were  concerned  is  chemical 
exchange.  There  are  several  others  which  can  be  put  here,  such  as  nuclear  re¬ 
laxation,  chemical  shifts,  dipolar  interactions,  and  so  on.  This  might  be 
called  the  particular  phenomenon  level  in  the  structure  of  science.  Like  most 
classification  schemes,  it  is  somewhat  arbitrary  because  phenomena  may  "over¬ 
lap,"  as  do  for  example  chemical  exchange  and  nuclear  relaxation. 

The  next  level  involves  particular  types  of  problem.  And  here  I  classify 
our  particular  problem  as  one  of  internal  rotation.  We  were  using  the  phenom¬ 
ena  associated  with  chemical  exchange  effects  upon  the  nuclear  magnetism  to 
investigate  the  internal  rotation  of  molecules.  There  are  many  other  particu¬ 
lar  types  of  chemical  exchange  which  can  be  investigated,  such  as  proton 


Table  III 


The  Steps  in  the  Evolution  and  Use  of 


NMR  Methods  for  Bate  Studies 


Fundamental  Property  of  Matte 
Major  Phenomena 

Particular  Problem 
Particular  System 
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transfer,  hydration  of  ions  and  hydrogen  bonding.  These  are  labelled  as  the 
particular  problem  level.  At  the  last  stage  in  the  diagram  is  the  particular 
system.  In  our  case  ve  were  concerned  with  amides.  Similar  NMR  studies  might 
be  made  of  substituted  ethanes,  substituted  silanes,  propylenes,  and  others. 

In  tens  of  this  diagram  in  Table  III  and  similar  ones  which  can  be  drawn 
for  other  relevant  scientific  disciplines,  the  role  of  analytical  chemistry 
should  be  describable  by  the  area  of  the  diagram  within  which  analytical  chem¬ 
ists  operate.  Three  facts  must  be  recognized,  however.  The  lower  you  get  in 
this  diagram,  the  larger  is  the  nusfcer  of  experiments  and  the  more  routine  are 
the  measurements  and  observations.  You  end  up  at  the  bottom  with  operations 
which  can  be  performed  by  technicians.  Very  often  such  technicians  are  very 
skillful  and  essential,  but  generally  they  will  not  need  either  the  aptitude 
or  the  background  for  truly  independent  work. 

The  higher  you  get  on  the  diagram  the  fewer  are  the  experiments,  the 
harder  they  are  to  conceive,  and  the  more  facility  you  need  in  mathematics, 
physics  and  in  chemical  principles  in  order  to  be  able  to  do  the  experiments. 
As  to  the  province  of  analytical  chemistry,  I  believe  it  lies  more  or  less  in 
the  bottom  one-half  of  the  diagram.  But  the  most  Important  point,  it  seems  to 
me,  is  that  if  there  is  such  a  person  as  an  analytical  chemist,  he  is  not  a 
specialist  in  NMR  or  in  mass  spectrometry.  He  is  not  concerned  primarily  with 
electrode  processes  or  with  the  relations  between  biological  specificity  and 
molecular  structure,  or  with  organic  reaction  mechanisms.  The  analytical 
chemist  should  be  a  specialist  in  chemical  analysis  and  separation,  lo  r.ener- 
al.  He  should  know  the  advantages  and  limitations  of,  say,  activation  analy¬ 
sis  compared  with  polarography.  He  should  know  when  to  use  NMR  rather  than  IR 
or  mass  spectrometry.  He  should  also  be  familiar  with  how  to  make  separations 
and  now  to  do  microanalyses. 
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The  min  current  problem  in  analytical  chemistry,  I  believe,  is  that  the 
physicist  and  non-analytical  chemists  have  been  developing  new  analytical 
tools  faster  than  they  can  be  assimilated  by  analytical  chemists  and  certainly 
much  faster  than  college  curricula  change.  Accordingly,  if  analytical  chemis¬ 
try  is  to  survive  as  a  label  for  an  identifiable  scientific  discipline,  gradu¬ 
ate  instruction  for  it  will  have  to  be  at  a  much  more  fundamental  level.  It 

will  have  to  provide  the  background  in  mathematics,  physics  and  physical  chem¬ 
istry  for  an  adequate  understanding  of  the  tremendous  range  of  phenomena  and 

of  instrumentation  now  available  for  chemical  analysis.  The  analytical  chemist 
will  have  to  supply  an  understanding  and  comaand  of  analytical  methods;in  gen¬ 
eral,  which  is  superior  to  that  of  the  scientist  in  scane  other  specialty  who 
needs  those  talents.  In  conclusion,  I  think  it  is  possible  for  such  people  to 
be  trained.  I  think  it  won’t  be  easy. 
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